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Intact eyes of frog and mouse were studied by X-ray diffraction. Light-induced changes in the reﬂections
from the rod outer segments (ROS) were recorded at a time resolution of 0.1 and 1 s in frog and mouse,
respectively. Lamellar diffraction from disk membranes was observed to the 10th order. In frog, the in-
tensities of seven reﬂections were found to change signiﬁcantly on 7-s intense illumination and the
lamellar spacing, which was 30.4 nm in darkness, decreased by 0.5%. Time courses of changes in the
intensity and the lamellar spacing were similar, saturating at about 7 s. Most of the intensity changes
could be attributable to the spacing change. Thus, the effect of light on the electron density distribution
was smaller than previously reported. The decrease in the lamellar spacing is attributed to changes in the
intracellular ionic concentrations due to the blockage of the dark current. This may be a useful index to
study the ionic movements in the cell. Mouse ROS’s had a lamellar spacing larger than frog (32.4 nm).
The structural changes after illumination were similar to those in frog ROS. This X-ray diffraction tech-
nique may be utilized to study functions of photoreceptor cells in transgenic mice and other animals.
 2013 The Author. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Phototransduction, the process in which a light stimulus is
translated biochemically into an electrical signal across the plasma
membrane, is performed in the outer segment of rod and cone
photoreceptor cells. Rods are highly differentiated cells that detect
photons in its cylindrical rod outer segment (ROS). The ROS con-
tains all components necessary for phototransduction and presents
a remarkably well-ordered system of intracellular membranes. A
ROS contains a stack of up to 2000 disks surrounded by a plasma
membrane. These disks (disk membranes) are ﬂattened vesicles
that are made up of a pair of bilayer membranes. Phototransduction
is initiated in the disk membrane by absorption of a photon by
rhodopsin and leads to closure of cyclic guanosine mono-
phosphateedependent cation channels located in the plasma
membrane. The highly ordered structure of the ROS is critical for
this sensitive and fast signaling process.-1-1 Kouto, Sayo, Hyogo 679-
Ltd. Open access under CC BY-NC-ND lX-ray diffraction studies to clarify the structure of the ROS were
made extensively about 40 years ago (Blasie et al., 1969; Blaurock
and Wilkins, 1969; Chabre and Cavaggioni, 1973; Corless, 1972;
Gras and Worthington, 1969). The regular structure of the ROS is
ideal for X-ray and neutron diffraction measurements. Strong ori-
ented X-ray diffractionwas observed from frog ROS and an electron
density proﬁle across the disk membrane was obtained (Blaurock
and Wilkins, 1969; Corless, 1972; Gras and Worthington, 1969). In
a retina and isolated ROS’s, light-induced structural change in the
disk membrane was studied (Chabre, 1975; Chabre and Cavaggioni,
1973; Corless, 1972) in which structures in darkness and after total
bleaching were compared. Neutron diffraction studies were also
conducted to investigate the light-induced structural change (Saibil
et al., 1976; Yeager et al., 1980). The highest time resolution in these
studies was 50 s (Saibil et al., 1976).
In the present experiment, lamellar diffraction from the disk
membranes in the ROS was recorded from intact eyes at a time
resolution of up to 100 ms. Two questions are addressed. One is the
slight shifts of membrane density towards the interdisk cyto-
plasmic side that was observed in the early studies (Chabre and
Cavaggioni, 1973; Corless, 1972; Saibil et al., 1976). The reported
change seems rather large considering the current knowledge on
the conformational differences during the photocycle among
various states of rhodopsin molecule and associated proteins that
are attached to the surface of the disk membrane. The other is theicense.
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ters of neighboring disk membranes) (Chabre and Cavaggioni,
1975). In the early studies the time resolution was insufﬁcient to
tell if the spacing change accompanied the light stimulus or took
place later under continuous illumination.
2. Materials and methods
2.1. Preparation of eyes
A bullfrog (Rana catesbeiana) eye was used. Frogs were main-
tained on a 12:12 h lightedark cycle at 8 C for one to four weeks
and then kept in darkness at least for two hours before the
experiment. A frog was pithed and then killed by decapitation and
destroying the brain. The front part of the head with the upper jaw
was cut out from its body. Then, the head was bisected along the
middle to separate the eyes so that both eyes could be used as
specimens. The skinwas not removed. For an X-ray experiment, the
half head was placed on a mount so that the eyeball was gently
pushed up from the upper palate, preventing the eye from sinking
into the socket. The X-ray beam passed through the back side of the
eye (Fig. S1a). For positioning the eye, a faint (barely visible in
darkness) He/Ne laser beam (wavelength 632.8 nm) that ran in line
with the X-ray beam was used. The laser beam hit only the back of
the eye. Time from sacriﬁcing to measurement was about 30 min.
For experiments on mouse eyes, dark-adapted BALB/C mice,
which were maintained on a 12:12 h lightedark cycle at 25 C for
3e20 days and dark-adapted for at least two hours, were killed by
cervical dislocation and eyes were removed from sockets by cutting
optic nerve and adnexal tissues. The eyes were soaked in Tyrode’s
solution (composition in mM; NaCl, 138.6; KCI, 2.68; CaCl2, 1.8;
MgCl2, 0.49; glucose, 5.6; HEPES HCl, 5.4 (pH 7.2)). The reﬂections
from the disk membranes were not observed when a mouse eye
was ﬁxed by soaking in formalin overnight. The ﬁxing procedure
appeared inadequate, resulted in gross disorder in the orientation
and spacing of disk membranes, and possibly alternations in
membrane structure. For the X-ray experiment, it was put in a
trough made of Kapton sheets that was ﬁlled with the Tyrode’s
solution. The Kapton sheets were transparent to both X-rays and
light. Thus, the X-ray beam passed the back of the eye from its side
while the light illuminated the eye from its front (Fig. S1b). To
ensure the orientation of the eye, a small transparent plastic ball
was attached to the cornea with cyanoacrylate glue before dissec-
tion. Time from enucleation to measurement was about 30 min.
Experiments on animals were conducted with the permission by
the SPring-8 Animal Care and Use Committee.
For both frog and mouse eyes, the dissection was done under a
dimred light and the sampleswerecarried to thebeamline ina light-
shielded box.Mounting of the sample on the X-ray camerawas done
under a dim red light (about 1 m from a 40 W red lamp (Toshiba,
Japan) usedwith a reduced power of about 5W). Carewas taken not
to face the eye towards the lamp. To study the effects of light, strong
white light was used to illuminate the eye through the cornea. The
light was from a halogen lamp (MegaLight 100, Moritex, Tokyo,
Japan) and transferred to 2 cm in front of the eye through a light
guide. The light intensity was about 500,000 lux at the cornea as
measured with an illuminance meter (model 51002, Yokogawa
Meters & Instruments Corporation, Tokyo, Japan). This is brighter
than the direct sunlight which is about 100,000 lux. Themechanical
shutter for illumination opened and closed within 10 ms.
2.2. X-ray experiment
X-ray diffraction experiments were carried out at the protein
crystallography branch of the beamline BL45XU (Kumasaka et al.,2002; Yamamoto et al., 1998) in the SPring-8 synchrotron radia-
tion facility (Hyogo, Japan). Although three pairs of diamond
monochromator crystals are installed at this branch, only one pair
was used in the present study. The X-ray energy was either 13.9 or
12.4 keV (i. e. wavelength of either 0.09 or 0.10 nm, respectively,
with the relationship of E ¼ 1.24/l where E is X-ray energy in keV
and lwavelength in nm). The beam size at the specimenwas about
0.25 mm in diameter. The sample-to-detector distance was about
1700mm. Most of the beam path was evacuated. The Bragg spacing
was calibrated with powder diffraction from silver behenate (or-
ders of the 001 reﬂection at 1/5.838 nm1). The X-ray detector was
a PILATUS-300KeW (DECTRIS, Baden, Switzerland) with three
modules of 487  195 pixels. The pixel size was 0.172  0.172 mm2.
The X-ray ﬂux was about 2  1011 cps. An X-ray shutter was used to
avoid unnecessary radiation on the sample.
After being mounted, the sample was moved both horizontally
and vertically with 0.2 mm steps so that the ROS moved across the
X-ray beam. An X-ray diffraction pattern was recorded at each
position in a short (0.2 s) exposure. Then, the sample was moved
back to the position where the strongest lamellar diffraction from
the ROS was observed. X-ray diffraction patterns were recorded
sequentially at 0.1 s intervals for frog eyes and at 1 s intervals for
mouse eyes. The illumination continued for either 0.3 or 7 s and
then the light shutter was closed. The X-ray measurement
continued for several more seconds. The total exposure on retina
was about 20 s. This amounts to roughly 4  104 Gy of radiation
which is about one order of magnitude lower than the dose limit
observed in a single ROS (Yagi et al., 2012). In fact, no change in
diffraction was observed after 20 s exposure without a light stim-
ulus. When more than two X-ray measurements were made on the
same eye, it was moved vertically by 0.4 mm to avoid radiating the
same part of retina twice.
All experiments were made at the room temperature (27 C).
2.3. Data analysis
The lamellar diffraction from the ROS (Fig. 1a and S2) was in-
tegrated along the direction perpendicular to the disk membranes
to obtain a linear intensity proﬁle (Fig. S3a). For this, the intensity
was integrated along the lamellar arcs within a deﬁned angle,
which was chosen as 2e3 times the full width at half maximum of
the arcs. The data on both sides of the beam stop were summed.
The intensity in the gaps of the modules of the PILATUS detector
was compensated by doubling the intensity observed on the other
side of the beam stop. The backgroundwas drawn locally for the 1st
to the 4th orders of the lamellar reﬂections by using intensity on
the two sides of each peak. A second order polynomial background
was used for the 1st and the 2nd, and a linear background was used
for the 3rd and the 4th orders. For the 5th to the 10th reﬂections, a
linear background was drawn by connecting the low-angle side of
the 5th and the high-angle side of the 10th order as in the manner
of Chabre (Chabre, 1975) and Schwarz et al. (Schwartz et al., 1975).
Because it was shown that disorder in the disk membrane can
generate intensity between peaks (Schwartz et al., 1975), it is
inadequate to connect the minima between peaks to simulate the
background. In the study on an isolated ROS, it was possible to use
scatter recorded outside of a ROS as background (Yagi et al., 2012).
In the present study, superposition of scatter from other materials
such as the sclera, which gives rise to sharp arcs originating from
collagen ﬁbrils, added difﬁculties. Despite these problems, the in-
tensity proﬁle obtained after these background subtraction pro-
cedures (Fig. S3a) is similar to those obtained in previous studies.
After background subtraction, the proﬁle was multiplied by the
Lorentz factor that is proportional to the scattering angle, and then
ﬁtted with ten Lorentzian peaks that represent ten orders of the
Fig. 1. X-ray diffraction and electron density in frog retina. (a) Diffraction pattern from frog retina. Second to the 7th order reﬂection can be seen. The ﬁrst order is buried in the
central scatter, while the 8th to 10th orders are too weak to be seen in this image. (b) Intensity proﬁles of lamellar diffraction from frog ROS’s obtained in 100 ms exposure before
illumination. The background was subtracted and the reﬂections were ﬁtted with ten Lorentzian peaks (shown with a smooth curve) that is shown with a smooth curve. The
ordinate is corrected for Lorentz factor by multiplying with the channel number that is proportional to the distance from the origin. The abscissa is the reciprocal spacing that is
s ¼ 2sinq/l where 2q is the scattering angle and l is the wavelength of the X-ray. (c) Electron density proﬁles and differences by illumination. The solid curve is dark-adapted retina,
the broken curve at 6e7 s of illumination. The thick solid line is the difference caused by the illumination. The proﬁle of one disk membrane is shown. The center of the two bilayers
is designated as the zero position.
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gorithm, which is a damped least-squaresmethod (Fig.1b and S3b).
A Lorentzian peak shape gave a better ﬁt than a Gaussian peak that
was used in the previous study (Yagi et al., 2012). Unlike in the
diffraction from a single ROS, the peak proﬁle represents not only
the Fourier transform of a stack of disk membranes in each ROS but
an average of proﬁles frommany ROS’s in the X-ray beam. Thus, the
Lorentzian peak shape (more pointed than the Gaussian) is likely to
be due to the variation of lamellar spacing in different ROS’s. The
initial parameter for the peak height was that in the observed in-
tensity proﬁle, and the ﬁtting program generally converged
without changing the peak heights for the 1st to 5th reﬂections. On
the other hand, there are considerable overlaps between neigh-
boring peaks in the 6th to 10th reﬂections, and thus the estimated
Lorentzian peak height was lower than the initial peak height. The
other two parameters for the ﬁtting procedure were the lamellar
spacing (d-spacing) and the peak width of the ﬁrst order. The
former was optimized from the peak positions. The latter was used
to calculate the peak widths of ten lamellar reﬂections which were
assumed to be proportional to square of the order of the reﬂection
(Schwartz et al., 1975).
For the calculation of the electron density proﬁle of the disk
membrane, a square root of the integrated intensity of each
reﬂection was used as an amplitude. Because the disk consists of a
pair of centrosymmetrically arranged membranes, phase angles of
the reﬂections are either 0 or 180. The phase combination ob-
tained from swelling experiments on frog retina, which was used in
previous studies (Chabre and Cavaggioni, 1975; Corless,
1972), þ  þ þ þ    þ þ, was used for both frog and mouse
and for both dark and illuminated conditions. The d-spacing of
mouse was larger than that of frog by 8% (see Results) and this may
affect the phases of weak orders such as the 2nd and 5th. However,
since the intensities of such orders are low, effects of the possible
phase difference is small. It should be pointed out that from a
neutron diffraction study, Yeager et al. (1980) concluded that the
sign of the 1st order should be minus for the X-ray data. When this
was adopted, the average electron density in the cytoplasm becamehigher than that within the disk membrane, but the conclusions
from the analyses in the present study were unchanged.
All the data are presented as an averagewith standard deviation.
Statistical signiﬁcance was evaluated by the Student’s t-test.
3. Results
3.1. Diffraction from frog eye
When the back of a frog eye was scanned with an X-ray beam,
several types of diffractionwere observed. Themost common one is
orders of sharp meridional reﬂections from collagen ﬁbrils in the
sclera with an axial D-period of about 67 nm, (Quantock and Meek,
1988), (Figs. S2 (d) and (e)) which is intense when the beam was
passing at the edge of the sclera. When the beam was passing
through the optic nerve, strong oriented reﬂections from myelin
were observed. The skin did not give a strong peak but contributed
to diffuse small-angle scatter. Diffraction from ROS’s was observed
only at speciﬁc positions. When the frog head was moved hori-
zontally with 0.2 mm steps, diffraction from ROS’s was observed
only in one or two frames. Vertically, diffraction was usually
observed in a range of about 1 mm. Lamellar reﬂections from disk
membranes were observed approximately in the horizontal direc-
tion when the beam was near the vertical center of the eyeball
(Fig. 1a). Since the retina is approximately spherical (Hoshino et al.,
2011), the X-ray beam must have traversed ROS’s when it entered
most parts of an eye. However, the diffraction from a ROS is so
narrow in the reciprocal space that its Fourier transform intersects
the Ewald sphere only when the ROS is approximately at right
angles to the X-ray beam (Webb, 1972, 1977). The angular spread of
the lamellar reﬂections from the retina was larger than that from a
single ROS (Yagi et al., 2012) probably because many ROS’s with
slightly different orientations contributed to the reﬂections.
The in-plane reﬂection, which appears at right angles to the
lamellar diffraction, was very weak. Even after a prolonged (over
20 s) exposure with the detector rotated by 90, no peak was
observed. This is not due to high background from sclera and skin
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equatorial diffraction data were obtained that might be related to
the radial distribution or aggregation states of rhodopsin molecules
within the plane of the disk membrane.
3.2. Changes caused by light in frog ROS
The spacing of the disk membranes (d-spacing) in dark-adapted
frog retina was 30.39  0.28 nm (an average for 3 s before illumi-
nation, n ¼ 23). This is similar to the values reported in previous
studies (Blaurock and Wilkins, 1969; Webb, 1972). After illumina-
tion, the d-spacing decreased exponentially (Fig. 2a) and at the end
of the 7 s illumination, almost settled to 30.21  0.28 nm (average
between 6 and 7 s), which is about 0.58 0.15% smaller than before
the illumination (p < 0.0001 in paired t-test). The d-spacing
decreased in all samples. In isolated intact retina, Chabre and
Cavaggioni (1973) observed a shrinkage of 0.5% after bleaching
(for 2e3 min) in isotonic Ringer solution, followed by a slow
swelling of 2% in the next hour. The present result shows that the
lamellar shrinkage takes place quickly after illumination, but not
instantaneously.
The relative integrated intensities of the reﬂections (Table 1)
were similar to the reported values (Chabre and Cavaggioni, 1975;
Corless, 1972; Yagi et al., 2012). The intense illumination with the
white light through the cornea caused signiﬁcant changes in the
integrated intensity (Table 1). The lamellar peaks became slightly
broader after illumination (Fig. S3d, Table S1) as was observed after
total bleaching of an isolated retina (Chabre and Cavaggioni, 1973).
The time course of the intensity change after illumination was
similar to that of the d-spacing (Fig. 2b). The electron density
proﬁles calculated from the integrated intensity before and at theFig. 2. Changes in the lamellar spacing and intensity after intense light illumination in frog
spacing (n ¼ 23). (b) Intensity changes of ten orders of reﬂections. To show the time cours
mination (n ¼ 10). The 7 s illumination experiment was made at 10 min after the 0.3 s exp
reduced intensity (25%) (n ¼ 11). The experiment with 100% intensity was made at 10 minend of 7 s illumination show a cross-section of the disk membrane,
the proﬁle of which is dominated by a pair of lipid bilayer-like
proﬁles (Fig. 1c). Each bilayer consists of two polar peaks (mainly
contributed by the phosphate group) and a central low-density
region of hydrocarbon chains (Luzatti et al., 1972). The proﬁle is
nearly symmetrical suggesting that the protein mass is distributed
more or less evenly through the whole thickness of the bilayer
membrane. The slightly higher polar peak on the cytoplasmic side
may be due to themass of proteins that are associated with the disk
membrane. There are ripples due to truncation of the reﬂections at
the 10th order. The difference between the proﬁles before and at
the end of illumination is small and dominated by the truncation
errors. To evaluate the effects due to the truncation errors, a
temperature-like factor was introduced (Finean and Burge, 1963)
and the electron density proﬁles were calculated (Fig. S4). The ef-
fect of truncation does not seem to reduce the change in the elec-
tron density proﬁle upon illumination.
Since the changes in the d-spacing and intensity had similar
time courses, the intensity change may be caused by the d-spacing
change that alters sampling positions in the Fourier transform of
the electron density proﬁle in reciprocal space. Thus, the effect of d-
spacing change on the intensity was investigated by simulation.
The electron density proﬁle obtained from the observed intensity in
darkness with a d-spacing of 30.4 nm (Fig. 1c) was truncated at the
cytoplasmic end (at the middle of neighboring disk membranes) to
give a d-spacing of 30.2 nm. Then, the lamellar diffraction intensity
was calculated. The expected intensity changes were of the order
that observed experimentally (Fig. S5). Thus, the major portion of
the intensity change may be due to the d-spacing change. However,
some discrepancies still remain. In particular, the intensity of the
second order reﬂection increases in the observation but decreasesROS. The light was introduced between time zero and 7 s. (a) Change in the lamellar d-
e, the intensities were normalized. (c) The response of the ROS to a short (0.3 s) illu-
eriment on the same sample. (d) Comparison of the full light intensity (100%) and the
after the 25% experiment on the same sample.
Table 1
Intensities of lamellar diffraction from disk membrane after Lorentz correction. Asterisk indicates a statistically signiﬁcant difference between dark and light (p < 0.01) with a
paired-t test. n¼ 23 for frog, n¼ 5 for mouse. Dark is an average during 3 s before the start of illumination, while light is an average during 1 s before the end of 7 s illumination.
These values are normalized so that the total intensity in the dark amounts to 100.
Order 1 2 3 4 5 6 7 8 9 10
Frog Dark Mean 7.37 0.37 1.72 6.08 0.86 26.9 35.0 5.21 8.23 8.28
SD 1.41 0.08 0.43 0.98 0.26 1.77 2.31 1.25 1.77 1.26
Light Mean 8.17* 0.89* 2.52* 6.34 1.15* 27.5 34.7 3.99* 10.3* 9.29*
SD 1.76 0.22 0.64 1.16 0.42 2.35 4.31 1.79 2.44 1.67
Mouse Dark Mean 4.27 0.37 0.70 2.59 1.74 33.3 30.5 2.01 14.3 10.2
SD 1.00 0.29 0.17 0.85 0.73 2.35 3.09 1.44 2.29 2.22
Light Mean 4.50 1.29* 1.38* 3.40* 1.81 28.1 26.1 1.37 15.8 12.0
SD 1.20 0.36 0.41 1.09 0.59 1.79 3.90 1.50 2.51 3.49
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electron density proﬁle may be real but it is smaller than previously
reported.
When the illumination was terminated at 0.3 s, the d-spacing
decreased from 30.24  0.23 nm to 30.21  0.22 nm (0.083%, an
average during 4e7 s after the start of illumination, n ¼ 10, Fig. 2c).
Although the difference is small, the decrease is statistically sig-
niﬁcant in paired t-test (p< 0.01). After termination of illumination
at 0.3 s, the d-spacing continued to decrease slightly. Change in the
intensity of the lamellar reﬂections was not above the level of
signiﬁcance. This result indicates that continuous illumination is
required to cause a saturating response.
One drawback of the experiments on intact eyes is that it is
difﬁcult to ensure a full bleaching condition as used in previous
studies on isolated retina or ROS. The light measured at the cornea
was one order of magnitude stronger than that used in the previous
experiment (Chabre and Cavaggioni, 1973), which is intense
enough to cause total bleaching of isolated retina in a few seconds.
However, how much light actually entered an eye and how the
retina was illuminated are unknown because it is difﬁcult to mea-
sure the light intensity at the retina in an eyewhere the X-ray beam
passed. To check if the illumination was causing a saturating
response, the intensity of the light was reduced to about 25%. The
spacing change was 0.47  0.33% (n ¼ 11) (Fig. 2d). After 10 min,
illumination with full intensity on the same eye caused a spacing
change of 0.44  0.16%. The time courses of the spacing change
were similar, showing that the light intensity used in the present
experiment was high enough to cause a saturating structuralFig. 3. Results of mouse experiments. (a) Lamellar diffraction recorded in a 1 s exposure. (b
proﬁle of the disk membrane and differences by illumination. The proﬁles are shown as inchange in the ROS. The d-spacing before the 100% illumination
experiment in Fig. 2d is smaller than that before the 25% illumi-
nation experiment. Thus, although the d-spacing recovered after
the decrease due to the 25% illumination, the recovery was
incomplete. Recovery after full illumination was also not always
complete and very variable. In 6 samples, the d-spacing at 10 min
after full illumination was studied and found to be 98.6  2.3% of
that before illumination, showing that the d-spacing generally
decreased with time. The precise nature of the recovery was not
investigated.
When eyes were prepared from light-adapted frogs and the
diffraction pattern was recorded under the ambient light, the
lamellar reﬂections were broader than in dark-adapted eyes (data
not shown). As the lamellar reﬂections from single light-adapted
ROS’s were sharp (Yagi et al., 2012), this seems to arise from a
variation of lamellar spacing among many ROS’s in the X-ray beam
in the present experiment. The d-spacing in light-adapted eyes was
32.31  0.32 nm (n ¼ 4), which is larger than those in the dark-
adapted ROS (30.29 nm) and light-adapted single ROS’s (29.3 nm)
(Yagi et al., 2012).
3.3. Mouse eye
Mouse retina gave well-oriented lamellar diffraction (Fig. 3a).
Since rods constitute about 97% of mouse retinal photoreceptors
(Fu and Yau, 2007), the diffraction is likely to be due to the array of
disk membranes in the ROS. The d-spacing of the disk membrane
was 32.36  0.28 nm (n ¼ 5) in dark-adapted eyes, larger than in) Spacing change in 7 s illumination starting at time zero (n ¼ 5). (c) Electron density
Fig. 2.
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resolution of 1 s, because the intensity was lower than that in frog
eyes. The responses to illumination were similar to those of frog,
but the spacing change was larger, increasing to 31.98  0.32 nm
(1.12  0.16% decrease, p < 0.0001). The d-spacing continued to
decrease after illumination was terminated (Fig. 3b). The intensity
changes of the lamellar reﬂections are summarized in Table 1. The
electron density proﬁle (Fig. 3c) is generally similar to that of frog.
Although there are small differences between frog and mouse,
these may be due to the difference in the d-spacing that affects the
ripples caused by the truncation of ten orders of reﬂections.
4. Discussion
4.1. Diffraction from intact retina
In the present study, changes in X-ray diffraction from frog and
mouse intact retinas were studied at a time resolution high enough
to follow time courses of the effects of illumination. Since the time
resolution is much higher than in the previous studies on isolated
retinas or detached ROS’s, it is now possible to investigate the
events that take place during short illumination.
4.2. Structural change in disk membrane
In crystallographic studies, difference in conformation of
rhodopsin in various states of the photoreaction cycle has been
found to be small. There are shifts of helices in the plane of the lipid
bilayer but largemovement across the lipid bilayer that could affect
the projected electron density proﬁle has not been reported
(Palczewski, 2006). Although association of other proteins with the
disk membrane might change with illumination, both transducin
and phosphodiesterase, which are the major proteins involved in
the signal transduction (see below), are anchored to themembrane.
Thus, a large change in the electron density proﬁle across the disk
membrane is not likely. The present result is consistent with this
expectation. However, the discrepancy with the previous studies
that gave evidence for a larger change in the electron density proﬁle
(Chabre,1975; Corless, 1972; Saibil et al., 1976) remains. There is the
possibility that a more signiﬁcant change takes place after a pro-
longed illumination (or total bleaching) but this may not be directly
associated with photoreception.
4.3. Cellular response to light
The chain of reactions in the ROS to light illumination is brieﬂy
summarized as follows (Baylor, 1987; Wensel, 2008). Light is
absorbedbyan11-cis-retinal in rhodopsin, causingaconformational
change in rhodopsin that activatesG-protein transducin. Transducin
activates cGMP (cyclic guanosine monophosphate)-speciﬁc phos-
phodiesterase, leading to reduction of the cytoplasmic cGMP con-
centration. There are cGMP-dependent cation channels in the
plasma membrane that are open in the dark. The reduction in the
cytoplasmic cGMP concentration leads to closure of the cation
channels which hyperpolarizes the membrane. This creates a signal
that is conducted to the synapse in the inner segment. The signal is
transmitted through the neural network in retina and optic nerve to
visual cortex in brain. The cations that enter the cell through the
channels in the dark (dark current, mainly Naþ and Ca2þ) are pum-
ped out of the cell by NaþeKþ ATPase and Ca2þ-Naþ ATPase at the
base of the outer segment. Since these ion pumps are not directly
sensitive to the membrane voltage, interruption of the Naþ entry
may cause an osmotic change in the cell.
The dark current in frog ROS is about 25 pA and this is almost
completely suppressed in a saturating response (Baylor et al., 1979).Thus, assuming all the dark current is carried by Naþ, 1.6  108 Naþ
ions (2.8 1016 mol) are blocked from entering an ROS per second.
In 7 s illumination, 2 1015 mol of Naþ is blocked to enter the cell.
Since the volume of a frog ROS is about 1700 mm3, if the cation
pumps continue to work at the same functionality during illumi-
nation as in darkness, the expected drop of intracellular Naþ (or Kþ
after Naþ/Kþ exchange) in 7 s is 1.1 mM. If water molecules move
together with cations across the cell membrane to maintain the
osmolarity, assuming that the intracellular ionic concentration is
about 100 mM, there can be a volume decrease of the order of 1%.
As the disk membranes occupy the most of an ROS, the volume
decrease causes a d-spacing decrease of the order of 1%, which can
account for the observation. The decrease of d-spacing after the
short illumination (Fig. 2c) shows that the blockage of dark current
continues after the illumination. This is in accordance with the
electrophysiological observation (Baylor et al., 1979) in which a
saturating illumination causes a long-lasting response. The results
also indicate that, especially in the frog ROS, the pumps gradually
cease to operate in a continuous illumination. This is likely to be
caused by the decrease in the cytoplasmic Naþ concentration
because the NaþeKþ pump is known to be activated by cytoplasmic
Naþ (Therien and Blostein, 2000).4.4. Mouse retina
Mouse ROS (length 20e30 mm, diameter 1e2 mm (Nickell et al.,
2007)) is smaller than frog ROS (length 50e80 mm, diameter 6e
8 mm (Bownds and Brodie, 1975)). Thus, it has beenmore difﬁcult to
make physiological experiments on mouse ROS. Also, there has
been evidence that morphological differences may exist between
photoreceptor cells of amphibians and mammals (Sung and
Chuang, 2010). In the present study the structure of the mouse
disk membrane seems similar to that of frog, and its change on
illumination is similarly small. However, the d-spacing in darkness
is larger in mouse by about 7%. It decreases more than in frog and
continues to decrease after the termination of illumination
(Fig. 3b). Thus, there may be differences at the level of cellular
responses.4.5. Conclusions
To the author’s knowledge, this is the ﬁrst experiment in which
the structure of disk membrane in the ROS was studied at a time
resolution high enough to follow the time course of response to the
light. The observed structural changes are generally consistent with
the current understanding of the photoreception process in the
ROS. The change in the d-spacing may be used as a new tool to
study the ionic movements in the cell. The present study demon-
strates that the mouse ROS can be studied by X-ray diffraction. Not
only this method can be used on eyes of many other animals, but it
also opens a way for structural and functional studies on retinas in
transgenic mice and in regeneration medicine.Acknowledgments
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